F unctional imaging studies have shown activation of brain areas close and remote from a focal cerebral infarction. [1] [2] [3] Furthermore, when executing a given task with the affected hand, patients with a better recovery after stroke activate motor and premotor cortices bilaterally. 4, 5 Many studies have employed transcranial magnetic stimulation (TMS) in the acute phase of stroke to evaluate contributions of the primary motor cortex to recovery. [6] [7] [8] [9] [10] [11] [12] [13] [14] TMS variables that include the motor evoked potential (MEP) and motor threshold (MT) may be valuable prognostic indicators of motor and functional recovery, especially in patients who present with initial paralysis or severe paresis. 15 The technique of paired-pulse TMS is particularly sensitive in activating cortico-cortical circuits, thus providing information on cortical reorganization after brain injury. Ample evidence shows that intracortical inhibition (ICI) and intracortical facilitation (ICF) reflect the excitability of distinct inhibitory and excitatory interneuronal circuits within the motor cortex. 16, 17 Most of the available evidence suggests that ICI is reduced after stroke in the affected hemisphere and returns toward normal values if motor gains occur. [18] [19] [20] Several studies reported that the excitation and inhibition using TMS on the unaffected motor cortex remains unchanged after stroke, 18, [20] [21] [22] although others found altered excitability in the first 24 hours after stroke. 23 Whereas some reported reduced ICI in the unaffected hemisphere in patients after acute stroke, [18] [19] [20] 22 others 24 found no changes. Another controversial matter is the possible relationship of motor disinhibition in the unaffected hemisphere with clinical recovery. 18, 20, 25 The main objective of the present study was to explore the possible role that the unaffected hemisphere could play in motor recovery processes and brain reorganization after stroke. We tested changes in intracortical excitability in brain areas close to and remote from the cerebrovascular lesion during early and late recovery. We also investigated whether altered cortical excitability of the unaffected hemisphere correlates with functional and motor improvements. We compared modifications in spinal excitability to cortical excitability by evaluating the F-wave latency and amplitude in all subjects.
METHODS

Subjects
We studied 13 patients (4 women, 9 men) aged from 50 to 77 years (mean age, 67 ±7 years) ( Table 1) . Inclusion criteria were first stroke with a single hemispheric lesion by computed tomography (CT) or magnetic resonance imaging (MRI), moderate to severe hemiparesis, and age below 80 years. We excluded patients with concomitant neuropathies, systemic vasculopathies, and dementia. Consent for participation in this research was obtained according to the Declaration of Helsinki; the experimental protocol was approved by the local ethical committee. Clinical improvement was evaluated by the National Institutes of Health (NIH) scale for neurological status, 26 the Barthel Index for disability, 27 and the Lindmark scale for hand and arm functionality. 28 We used a shortened version comprising: the subscales for active movements of upper extremity (19 items) and lower extremity (3 items); and the subscales for coordination (rapid movements changes, 4 items). The items are mostly scored on a 4-point scale from no function/cannot perform the activity (0) to normal function/can perform the activity without help. 4 The higher the score, the better the motor capacity. During hospitalization after stroke, the patients underwent daily rehabilitation treatment. Rehabilitation treatment was started within the first 10 days of the stroke, and was performed for at least 30 minutes twice a day by the same team of hospital physiotherapists. Three TMS recording sessions were scheduled at 5 to 8 days, 30 days, and 90 days after the stroke. Ten right-handed subjects (5 men, 5 women; age, 45-70 years; mean age, 57 ± 9 years) who underwent the same testing procedures served as controls.
Stimulation Procedures
All subjects were seated in an armchair with their elbows semiflexed; the forearm was pronated, fully relaxed, and supported by the arm of the chair. In patients and controls, control and conditioned MEPs were recorded from surface electrodes from the right and left thenar eminence (TE) muscles. TMS was applied, using a Magstim 200 magnetic stimulator (The Magstim Company, Whitland, Dyfed, United Kingdom), through a figure-eight focal coil oriented so that the induced electric current flowed in a posterior-anterior direction. The coil was placed tangentially with respect to the scalp with the handle pointing backward and laterally at a 45°angle away from the midline, approximately perpendicular to the line of the central sulcus, inducing a posterior-anterior current in the brain. The amplified and band-pass-filtered (50 Hz to 20 kHz) electromyographic (EMG) signal was fed into a Basis Esaote Machine (Esaote Company, Florence, Italy) at a sampling rate of 5000 Hz. During threshold determination an auditory feedback EMG signal was given to ensure complete voluntary relaxation of the target muscles. The mean amplitude of the rectified and average EMG before the stimulus for 100 milliseconds was defined as the background activity. Trials contaminated by voluntary EMG activity were discarded. The optimal scalp position ("hot spot") was defined as the site where the lowest stimulator output intensity consistently yielded the largest amplitude and the minimal latency MEPs. A scalp cap marked with the site of stimulation ensured constant positioning of the coil relative to the skull, throughout the session. In all TMS procedures, the interval between trials was 5 seconds. Intracortical excitability was studied by paired TMS. For this purpose, 2 magnetic stimulators were connected to 1 coil by means of a Bistim device (The Magstim Company).
Various TMS parameters were used to investigate motor system excitability: 1. MT intensity was defined as the lowest stimulator output intensity capable of inducing MEPs of at least 50 μV peak-to-peak amplitude in the TE muscles in at least half of 10 trials. 29 We expressed stimulus intensities as a percentage of the maximum stimulator output. MT was determined in relaxed TE muscles. 2. Peak-to-peak MEP amplitudes were measured in the resting TE 29 at a stimulus intensity of 120% of the resting MT (rMT). A total of 7 stimuli were delivered to each muscle in each session. The size of TMS-induced MEPs was measured as a percentage of the compound motor action potential (cMAP) elicited by peripheral stimulation of the median nerve. MEPs and cMAPs were both recorded through the same electrodes placed over the TE. 3. Paired TMS was delivered using two different paradigms standardized to investigate early inhibition, 16 as in our previous study. 20 The first conditioning stimulus was subthreshold (80% of rMT) and was delivered through the same magnetic coil at interstimulus intervals (ISIs) of 2, 3, 4, 5, 7, 10, and 15 milliseconds before a suprathreshold test stimulus. The test stimulus intensity was adjusted to 120% of the rMT. 16, 17 This procedure allows the measurement of ICI and ICF, variables thought to reflect the excitability of short inhibitory and facilitatory interneuronal circuits within the motor cortex. 17 Conditioned MEPs in both paired TMS paradigms were recorded at randomly varying ISIs; 7 MEPs were recorded for each ISI. Unconditioned MEPs were recorded after every third conditioned MEP at different ISIs applied randomly. A total of 14 unconditioned MEPs were recorded. Averages of the single trial peak-topeak MEP amplitudes were calculated and changes in the mean control MEP size produced by the conditioning stimulus were expressed as percentages of the unconditioned mean. Early ICI was calculated by averaging the ratios across ISIs of 2 to 4 milliseconds (Fisher RJ 30) and ICF by averaging the ratios across ISIs of 7 to 15 milliseconds. All TMS parameters examined were investigated in all patients in both hemispheres. The mean duration of the recording sessions was 40 minutes. Each subject received a mean number of approximately 200 stimuli in each recording session.
Bipolar electromyographic (EMG) recordings from the TE were obtained from 2 pairs of surface Ag-AgCl disc electrodes (diameter 9 mm, separation 2 cm) placed over the belly of the muscle below the motor point. Electrical stimuli of 0.5-millisecond duration were applied to the median nerve just above the wrist. The stimulus strength was adjusted to elicit a maximum M wave in the TE. This served to provide an index of motor activation capacity against which to compare cortically evoked motor responses.
The F-wave latency, determined as the minimal Fwave latency, and the amplitude, determined as peakto-peak amplitude, recorded from the TE muscles and elicited by supramaximal stimulation of the median nerve once a second, were tested to evaluate spinal excitability in patients and controls.
Statistical Analysis
A repeated measures analysis of variance (ANOVA) with time as factor within subjects, mild and severe disability as factor between subjects, and follow-up pairwise comparisons was used to test the evolution of neurophysiologic and clinical data. The Bonferroni correction was applied with P < .05. Paired Student's t test was used to compare data for each considered variable in the affected hemisphere with the homologous set of data in the unaffected hemisphere and with controls at the first recording session. P values < .05 were considered to indicate statistical significance. Pearson's correlation coefficient (with significance at P < .05) was used to study the possible correlation between neurophysiologic parameters and motor improvements.
RESULTS
Clinical Scores
When assessed about 1 month after stroke, functional and neurological scores in all patients significantly improved (P < .01; Table 1, Figure 1 ). When patients were divided into 2 subgroups with severe (group B) and moderate (group A) disability using a Barthel Index score of 60 as the cutoff, global functional evaluation and neurological score also improved. Functional evaluation of the hand and arm showed an improvement between T1 and T2 in patients in group A. Focusing on hand motor function, it will be noted that at the second recordings, the scores were significantly different between the 2 groups (Figure 1) , documenting a lesser degree of functional recovery in patients in group B than in patients in group A.
Neurophysiologic Parameters
A significant modification of ICI (ANOVA: F 2,24 = 19.440; P < .001) over the unaffected hemisphere was found over test sessions, along with the MEP amplitude (ANOVA: F 2,24 = 6.038; P < .05) and MT (ANOVA: F 2,24 = 5.089; P < .05) over the affected hemisphere. No significant modification of ICF was found over either hemisphere. CMAP mean amplitude was 9 mV when recorded from the right TE and 9.5 mV when recorded from the left. The latency and amplitude of the F wave Figure 1 . Clinical scores of patients at the first recording in the acute stage (T1), at the second recording (T2) 1 month after the stroke, and at the third recording 3 months after the stroke (T3). Data are represented as means and standard deviation. Patients were divided into group A with moderate disability (Barthel Index > 60) and group B with severe disability (Barthel Index < 60). Side  T1  T2  T3  Controls  T1  T2  T3  T1  T2  T3 MT (%) 53 (8) 52 (7) 51 (8) was not significantly different on either the affected or unaffected side. No significant differences in F-wave latency and amplitude were observed between the patients and control group.
First recording session (T1). MEPs on the hemiplegic side were reduced in amplitude compared to MEPs recorded from the healthy side (P < .01) and to the MEPs recorded in the 10 controls (P < .001). No significant difference in amplitude was observed between the MEPs recorded from the healthy side and those recorded in the controls ( Table 2 ). The rMT values were higher than the rMT on the unaffected side (P < .01). No differences were observed in rMT recorded on the healthy side or in controls (P = .6). The ICI was reduced in both the affected and the unaffected hemisphere of patients in comparison to the control group (P < .001).
Second recording session (T2). The MEP elicited from the affected (P < .01), but not from the unaffected hemisphere (P = .7), showed an increased amplitude in all patients. The rMT elicited from the affected hemisphere decreased (P < .01). No differences were found for the rMT from the unaffected hemisphere (P = .3). No changes were found in the ICI of the affected hemisphere (P = .7). Significant changes (P < .01) were noted in the ICI in the unaffected hemisphere in patients in group A with a return to control values (Figure 2 , Table  2 ). Conversely, ICI was not significantly different in patients in group B (Figure 2 , Table 2 ).
Third recording session (T3). When compared to the second recording session, no significant changes were observed in rMT in either hemisphere in either subgroup. Nor were significant changes noted in ICI from the affected hemisphere in either subgroup of patients (Table 2) . Conversely, ICI in the unaffected hemisphere changed in both subgroups (group A, P < .05; group B, P < .01; Table 2 ). Clinical recovery, as assessed by Lindmark scale and NIH stroke scale, correlated with the MEP amplitude increase over the affected hemisphere (P < .01) ( Figure  3 ). Changes in ICI in the unaffected hemisphere also correlated with clinical recovery (Figure 4 ) but did so significantly only in patients who had a good recovery (group A, P < .01) and not in who had a poor recovery (group B, P = .3).
DISCUSSION
This 3-month longitudinal study provided neurophysiological insights into the role of the unaffected hemisphere in motor recovery after stroke. The ICI of the motor areas of the hand muscles on both sides is abnormally reduced in the acute phase after stroke. Early after stroke, the ICI in the unaffected hemisphere returned to control values in patients with good motor recovery, whereas it remained abnormal in patients with poor recovery. At 3 months, patients with poor motor recovery still showed reduced ICI in the unaffected hemisphere compared with patients with good motor recovery.
In patients recovering from hemiparetic stroke, functional imaging studies have described an enlarged activation volume in brain regions close and remote to the lesion, including the contralateral hemisphere. 1, 2 Recent studies with functional MRI (fMRI) 4 and PET 5 have documented that during recovery of motor function after stroke patients activate the motor and premotor cortices bilaterally when executing a task with affected hand, but better outcomes are associated with predominant activation of the ipsilesional M1. Recruitment of contralesional motor areas may be one of the adaptive changes involved in the recovery of motor function. 4 The main finding of our study differed from studies that did not perform a follow-up from acute onset to a late period. In our patients with a good motor recovery, only a relatively short time after the acute event, inhibition returned to normal values, excitability over the unaffected hemisphere decreased significantly, and abnormal excitability over the affected hemisphere persisted. In patients with poor motor recovery, pairedpulse TMS showed abnormal excitability over the unaffected hemisphere. The use of different methods (paired TMS, electroencephalography, fMRI) may explain differences in the interpretations of different studies. We suggest that one difference is that excitability testing by TMS has usually been studied at rest and not during motor performance, which represents a different condition. 4, 5, 30, 31 The meaning of the present study complements the findings of other studies. A decrease in GABAergic activity in patients with stroke can be detected, in line with findings observed in animal experiments, [32] [33] [34] as a decrease in motor ICI in the affected and unaffected hemispheres. Another study found contralesional motor cortex disinhibition in the early stage of unilateral cortical, but not subcortical, stroke. 22 Similar data were found in another study, but without differences between the cortical or subcortical groups and the absence of changes in cortical excitability in patients with poor recovery compared with those with good recovery. 18 Instead, we documented, in our previous study and in this one, that motor cortex disinhibition is found initially in the lesioned and unaffected hemisphere in the early period after stroke. One month later, in patients with significant motor recovery ICI in the unaffected hemisphere returned to control values, whereas in patients with poor recovery it remained abnormal. 20 Other reports also found that ICI in the unaffected hemisphere had a similar time course in patients and controls and that a progressive increase in the excitability of the unaffected hemisphere indicated a poorer prognosis. 24 This nonspecific increase in motor excitability in spared tissue of the infarcted brain and most important in the unaffected hemisphere could be an initial motor system response to the lesion. The motor disinhibition we observed may be an expression of unmasking of normally suppressed or inhibited pathways, rather than a sign of restorative change to compensate for the motor deficit, 35 and could be attributable to transcallosal inhibition as well as to intracortical mechanisms. 31 That the motor excitability could be nonspecific is suggested by the fact that it failed to correlate with the various degrees of motor involvement between patients. These findings are partially in agreement with those of previous studies, [34] [35] [36] which showed that the presence of ipsilateral MEPs after stimulation of the unaffected hemisphere was associated with poor motor outcome. Nevertheless we cannot exclude the possibility that the motor disinhibition in our patients may arise from all these different mechanisms in concert.
Conversely, the motor disinhibition we recorded over the affected hemisphere may have an immediate role in facilitating motor outputs and important in the functional reorganization of the cortex, but this hypothesis must be confirmed in studies with a longer follow-up. 37 In patients with different degrees of clinical impairment in an acute stage, 5 to 8 days after stroke onset, we recorded no difference in motor inhibition. As discussed by Liepert et al, 19 motor cortical inhibition was reduced in those patients who had partial sparing of the motor areas. The authors postulated that this disinhibition might indicate compensatory mechanisms involved in recovery-related reorganization. But in patients with absent or severely reduced motor responses, motor cortical inhibition is not measurable and high-intensity magnetic stimulation can activate subcortical structures, which would make the data difficult to interpret.
The MT we recorded over the affected hemisphere remained elevated despite showing a tendency to decrease, as reported in other studies. 12 The integrity of corticospinal connections appears to have a nonlinear relationship with outcome, although only moderate corticospinal connection integrity may be sufficient to sustain normal motor function, 14 as demonstrated in a recent work in chronic stroke patients. 38 Although the presence and the increase in amplitude of the MEP from the affected side during motor recovery represents a stable and validated predictive measure associated with clinical improvement, it is still hazardous to suggest a correlation between motor disinhibition and motor recovery in the affected hemisphere.
Changes in motor cortex inhibition in both hemispheres may reflect a dynamic process that differs from the early to the late stages of motor recovery, perhaps associated with nonspecific recruitment in the acute stage and a more specific function that is especially relevant to the limitations and mechanisms of recovery of the upper extremity at later stages. Long-term monitoring of patients with different degrees of motor impairment or who undergo rehabilitation interventions aimed at optimizing task-related practice and gains in use of the upper extremity may lead to strategies to further enhance recovery. 39, 40 
